IMPORTANCE Patent ductus arteriosus (PDA) is associated with increased mortality and worsened respiratory outcomes, including bronchopulmonary dysplasia (BPD), in preterm infants. Nonsteroidal anti-inflammatory drugs (NSAIDs) are efficacious in closing PDA, but the effectiveness of NSAID-mediated PDA closure in improving mortality and preventing BPD is unclear.
Nonsteroidal anti-inflammatory drugs (NSAIDs) are efficacious in closing PDA, but the effectiveness of NSAIDmediated PDA closure in improving mortality, long-term respiratory outcomes, or neurodevelopment has never, to our knowledge, been clearly demonstrated.
3-6 Treatment of PDA with NSAIDs remains controversial. 1, 7 Previous randomized clinical trials (RCTs) to examine NSAID treatment of PDA did not find that NSAID treatment benefitted mortality, respiratory, or neurodevelopmental outcomes, but were powered to evaluate efficacy of ductal closure rather than longer-term outcomes such as mortality and BPD.
8 Several well-designed observational studies that controlled for measured confounders also did not detect an improvement in long-term outcomes following NSAID treatment for PDA.
9,10
Unlike RCTs, observational investigations are prone to confounding by indication because of the inability to adjust for important unmeasured variables. The incorporation of naturally occurring treatment variations between health care clinicians into observational data analyses has been proposed as an instrument to minimize the effect of unmeasured confounding. [11] [12] [13] This is based on the assumption that, for treatments with limited evidence, practice variation is often because of clinician and institutional preferences rather than differences in patient characteristics between clinicians and institutions. The instrumental variable (IV) analysis uses the premise that if a treatment is effective there should, on average, be improvement in outcomes for similar patients as their clinicians' tendency to treat increases. We previously evaluated our assumption that clinician preference drives practice variation in the specific setting of preterm PDA management by electronically surveying clinicians at institutions participating in the Pediatric Health Information System (PHIS) database of US children's hospitals. We documented profound differences in opinion regarding treating PDA with NSAIDs. 14 The objective of this investigation was to determine the effectiveness of NSAID treatment for PDA in reducing mortality and moderate/severe BPD at 36 weeks postmenstrual age. Given limited RCT evidence, the clinical importance of understanding the effectiveness of NSAID treatment to close PDA, and the controversy surrounding the topic, we conducted an IV analysis [11] [12] [13] in which we took advantage of practice variation because of physician preference as a means to control unmeasured confounding.
Methods

Data Source
We derived the study cohort from neonates included in the PHIS database (Children's Hospital Association, Shawnee Mission, Kansas) with discharge dates between January 1, 2006, through December 31, 2013, from participating US children's hospitals. The Nationwide Children's Hospital institutional review board approved the study and waived consent because the research was deemed to involve no more than minimal risk, would not adversely affect the rights and welfare of the participants, and could not be carried out without a waiver.
Study Cohort
Our cohort was restricted to infants born at 28 weeks or younger. To prevent referral bias because of older infants referred from other hospitals for PDA management or management of complications associated with mortality or BPD, we only included infants who were admitted on their birth date. Postnatal day 2 was considered the first potential day of NSAID treatment for PDA, because prophylactic indomethacin treatment is normally initiated on days 0 to 1. Thus, we excluded those infants hospitalized for less than 3 days to ensure that all infants survived to be eligible for treatment on day 2 (eFigure 1 in the Supplement). We excluded those without a recorded discharge status (home, transfer, death), which was needed to calculate mortality and BPD outcomes. Because our IV analysis was dependent on determining the annual proportion of NSAID administration within a given hospital, we only included neonatal intensive care units with an average of at least 21 infants meeting inclusion criteria (150 or more infants over the 7-year study) in our primary analysis. Because physicians' diagnoses of PDA are highly variable, 14,15 we did not require infants in our primary analysis to have an International Classification of Diseases, Ninth Revision (ICD-9) PDA diagnosis. Physicians who, based on personal preference, are less likely to treat PDA with NSAIDs may also be less likely to evaluate for and diagnose PDAs. A physician's degree of early surveillance affects PDA diagnosis, which is time-dependent because all infants have a patent ductus at birth, but at 25 to 28 weeks gestation, 35% close within 1 week.
1
Most physicians at the neonatal intensive care units included within PHIS use echocardiograms to inform their PDA treatment decisions, but some base treatment on the presence of a murmur, a less sensitive method. 14 Regardless of actual PDA presence, we assume that treated infants were more likely to receive a PDA diagnosis. Therefore, restricting our analysis
Key Points
Question Is nonsteroidal anti-inflammatory drug treatment of all preterm infants born at 28 weeks or younger with patent ductus arteriosus effective at reducing mortality and chronic lung disease?
Findings This cohort study that incorporated naturally occurring practice variation to reduce unmeasured confounding and included 12 018 preterm infants born at 28 weeks or younger found no significant association between nonsteroidal anti-inflammatory drug treatment and mortality or moderate to severe bronchopulmonary dysplasia.
Meaning For preterm infants born 28 weeks or younger with patent ductus arteriosus, our findings agree with the available randomized trial evidence and support a conservative approach to patent ductus arteriosus management.
Variables
In addition to demographic data, PHIS contains a record of medication administration, procedures, and respiratory treatments for each day of an infant's hospitalization, as determined from billing records. Thompson-Reuters Healthcare, the PHIS data processing partner, maps each hospital's daily charge codes to Clinical Transaction Classification codes to ensure comparability of charge-level data between institutions. The Clinical Transaction Classification codes we evaluated are shown in eTable 1 in the Supplement.
Gestational Age
Gestational age (GA) at delivery was defined using a multistep process. Gestational age was classified into groups-24 weeks or younger, 25 to 26 weeks, and 27 to 28 weeks-based on the ICD-9 codes (eTable 1 in the Supplement). If the ICD-9 code for GA was missing, we relied on the GA recorded in the patient's demographic file. Since GA determination (28 weeks or younger) was necessary for inclusion, we excluded infants when both forms of GA records were missing or when there was any discordance between the International Classification of Diseases, Ninth Revision (ICD-9) code and their demographic information (n = 6).
Definition of NSAID Treatment for PDA An infant was considered to have been treated with NSAIDs for PDA when the first indomethacin or ibuprofen dose was given between 2 to 28 calendar days inclusive postnatally (birth date = day 0) or if the infant received NSAID (indomethacin and/or ibuprofen) on 4 or more days within the first 28 postnatal days. This allowed us to separate PDA treatment doses from prophylactic indomethacin dosing to prevent intraventricular hemorrhage, which typically starts on the birth date(day 0 or day 1 if it is a late-night admission) and is given daily for 3 consecutive days. Treatment for PDA with NSAIDs for infants who did not receive indomethacin prophylaxis would begin on or after postnatal day 2. Any infant who received indomethacin prophylaxis would receive more than 3 total NSAID doses if subsequently treated for PDA. Therefore, infants who received prophylactic indomethacin were still eligible for this study. We did not consider NSAID doses beyond 28 postnatal days because older infants might be treated with ibuprofen for pain control, and most RCTs investigating NSAID treatment of PDA have focused on treatment within the first postnatal month. 
Statistical Analysis
Our primary composite outcome was death or moderate/ severe BPD at 36 weeks postmenstrual age. First, we estimated the effect of NSAID treatment on mortality/BPD using a generalized estimating equation (GEE) to adjust for gestational age, using heteroskedasticity-robust standard errors to account for clustering by institution. Then, we incorporated periods of hospital-specific NSAID treatment for PDA surrounding each infant's birth as an IV to obtain an unbiased (exogenous) treatment effect 11-13 under the assumption that each preterm infant born in a period of higher preference-based NSAID treatment for PDA has a higher likelihood of treatment than infants born during periods of lower treatment. The IV estimates apply to infants who would be treated with NSAIDs based on their institution's inclination to treat PDA with NSAIDs. For each infant in the cohort, we created an IV between 0 to 1 by incorporating the proportion of infants who were born at that infant's institution within ±6 months of their birth (excluding that infant) and treated for PDA with an NSAID per our definition. We used a 2-stage least squares regression model in which the first stage predicted treatment based on the value of the IV and the second stage incorporated the probability of treatment determined in the first stage. These models included heteroskedasticity-robust standard errors and adjusted for birth gestation. Because the standard output of 2-stage least squares models are risk differences, we calculated marginal odds ratios for comparison with the noninstrumented GEE output and 95% CIs via bias-corrected bootstrapping.
21
A valid instrument should strongly affect or be associated with treatment by sharing a common cause and should have no direct or indirect effect on the outcome except through its association with the treatment. 13 If an instrument does not evaluating its effect on measured covariate balance, assessing its association with actual NSAID treatment, and conducting an F test to test whether its inclusion significantly contributed to the first stage of the IV model.
13
To evaluate the sensitivity of our results, we ran additional IV models including sex, race/ethnicity, and a binary variable indicating prophylactic indomethacin treatment on the birth date. We also reran all analyses after restricting the cohort only to infants with an ICD-9 PDA diagnosis. We conducted a time-varying Cox regression analysis 22-24 to evaluate the effect of immortal time bias on our noninstrumented GEE analysis and tested the effects of varying hospital sample size cutoffs on our instrumented estimates. Finally, we reran our analysis with an instrument that incorporated hospitallevel NSAID treatment frequency in the 12 months before each infant's birth rather than a ±6-month interval. All analyses were conducted using Stata 14.1 (StataCorp).
Results
The cohort included 12 018 infants within 25 hospitals (eFigure 1 in the Supplement). Table 1 shows the covariate balance among treated and untreated infants. Overall, 32% of infants were treated with NSAIDs for PDA, with 27% receiving indomethacin and 7% ibuprofen. 
Variation in NSAID Treatment for PDA
Multivariable Regression Estimates
Unadjusted bivariate analyses are shown in eTable 2 in the Supplement. eTable 3 in the Supplement shows the unadjusted relationship between GA, sex, and race/ethnicity and NSAID treatment status. We excluded race/ethnicity and sex from our final models because they were not confounders as they were not associated with receipt of NSAID treatment. However, these variables were included in sensitivity analyses (below). The noninstrumented GEE models, controlling only for gestation and hospital effect, showed a significant association between NSAID treatment and increased mortality/BPD (composite outcome) and NSAID treatment and increased moderate/severe BPD among survivors. Treatment with NSAIDs was associated with decreased mortality (Table 2) (eTable 4 in the Supplement).
Strength of the Instrument
Testing demonstrated that our instrument was strongly related to receipt of NSAID treatment. The first stage of our IV model showed that for every 1% increase in our instrumentthe percentage of infants treated with NSAIDs at a given hospital within ±6 months of each infant's birth-an infant's chances of receiving NSAID treatment increased by 0.84% (95% CI, 0.8-0.9; P < .001). The F test 1,12 013 13 (= 932) indicated our instrument contributed significantly to the IV model (F test >10 desirable). There were no significant associations between the instrument and gestation, sex, or race/ethnicity (eTable 5 in the Supplement), suggesting that neonatal intensive care units administering NSAIDs more frequently did not see sicker patients. Table 3 shows the relationship between the percentile of infants within given GA categories and outcome measures 
Instrumental Variable Results
Two-stage least squares IV models incorporating the annual proportion of NSAID treatment for PDA at each infant's hospital demonstrated no significant difference in odds between NSAID treatment and mortality or BPD, NSAID treatment and mortality, or NSAID treatment and BPD in survivors (Table 2) (eTable 4 in the Supplement).
Sensitivity Analyses
Outcome estimates remained similar, detecting no effect of NSAID treatment on mortality/BPD outcomes when we adjusted for race/ethnicity, sex, and prophylactic indomethacin treatment, and also when we restricted the cohort to only those infants with an ICD-9 PDA diagnosis. An instrument that incorporated hospital-level NSAID treatment frequency in the 12 months preceding an infant's birth provided similar results as an instrument based on a ±6-month interval from birth (eTable 6 in the Supplement). Our IV results remained similar when we relaxed the hospital sample size restriction and included more hospitals than in our primary analysis (eTable 7 in the Supplement). Alternate IV modeling specifications (bivariate probit IV and generalized structural equation models) 13,30,31 produced results similar to the 2-stage least squares models (eTable 8 in the Supplement). Time-varying Cox regression models demonstrated that a high early mortality rate (immortal time bias) strongly influenced our noninstrumented GEE estimates (eTable 9 in the Supplement).
Discussion
We found no significant effect on mortality or BPD at 36 weeks after controlling for unmeasured confounders using IV analysis. This result aligns with meta-analyses constructed from the secondary outcomes of RCTs and well-designed observational investigations.
3-5,9,10,32,33
Our instrument was a strong predictor of NSAID treatment and was not associated with our measured risk factors (gestation, sex, and race/ethnicity) for mortality and BPD. To our knowledge, no statistical test can completely verify the assumption that an instrument has no effect on the outcome apart from its association with the treatment.
11-13 Therefore, we conducted an investigation before this study to evaluate our assumption that caregiver preferences are the main contributors e Bias-corrected bootstrap 95% CIs were constructed using 2000 replications with replacement.
f Denominator for BPD among survivors (n = 10 065).
g BPD imputed among transfers. BPD was imputed for 945 infants (8.3%). to variation in NSAID treatment for PDA. We surveyed neonatal intensive care unit leaders at all hospitals included within our analysis and found wide variation in hospital-specific reasons for closing or not closing PDA with NSAIDs. In addition to wide between-hospital variation, respondents noted variation between physicians in preferences for NSAID treatment of PDA among 70% (n = 32) of hospitals.
14
Immortal Time Bias and Confounding by Indication Because of Illness Severity
Our noninstrumented and biased GEE estimates differ considerably from our IV results. Although seemingly implausible based on existing literature, our GEE estimates (40% mortality odds reduction and 50% BPD odds increase) are similar to multivariable estimates from another large database cohort with limited markers for early illness severity. 34 We attribute the discrepancy between IV and noninstrumented analyses to confounding by indication because of illness severity 35 and immortal time bias, a period of follow-up when mortality cannot occur in treated participants who must by default survive until treatment. 23 The PHIS lacks acuity indexes, such as neonatal acute physiology scores, which might enable statistical adjustment for early illness severity. Severely ill infants are less likely to be treated with NSAIDs because of renal and hematological concerns. 36 Immortal time bias, present in our cohort (eTable 9 and eFigure 2 in the Supplement) and common in pharmacoepidemiological investigations, 23 leads to an erroneous, implausibly high reduction in mortality following treatment. 24 Instrumental variable analysis is robust to confounding by indication and immortal time bias.
Strengths and Limitations
Our investigation benefits from a large representative data set and sample size (n = 12 018) and the use of advanced methods to minimize unmeasured confounding. One limitation is that we assume our clinician preference-based instrument is unrelated to mortality/BPD risk except through its effect on whether an infant receives NSAID treatment. We also assume that institutions with increased NSAID treatment of PDA are not also increased or decreased users of another treatment that independently influences mortality and/or BPD risk. 21 Instrumental variables should produce unbiased estimates, but that validity comes with reduced precision and larger confidence intervals relative to noninstrumented regression analyses. However, our IV point estimates and 95% CI widths are similar in magnitude to RCT meta-analyses and other large observational studies that showed no effect of NSAID treatment for PDA on mortality or moderate/severe BPD.
3,4,9
Instead of focusing on NSAID treatment for PDA at a single time point, our observational design allowed us to assess realworld treatment patterns between 2 to 28 days postnatal age. As in an RCT, our estimates apply to the population-average of all infants studied. Although NSAID treatment of all infants with PDA does not appear beneficial, our findings do not imply that some infants with certain risk factors may not benefit from PDA closure. Likewise, subgroups may exist for whom avoiding NSAIDs is beneficial.
Conclusions
When we incorporated clinician preference-based practice variation as an instrument to minimize the effect of unmeasured confounding, we detected no changes in the odds of mortality or moderate/severe BPD among infants born at 28 weeks' gestation or younger following NSAID treatment for PDA initiated between 2 to 28 days postnatal age. Our result agrees with available RCT evidence and previous well-designed observational investigations that similarly detected no effect. 
